We work on a GRB sample whose initial Lorentz factors (Γ 0 ) are constrained with the afterglow onset method and the jet opening angles (θ j ) are determined by the jet break time. We confirm the Γ 0 -E γ,iso correlation by Liang et al. (2010) , and the Γ 0 -L γ,iso correlation by Lü et al. (2012) . Furthermore, we find correlations between Γ 0 and the beaming corrected γ-ray energy (E γ ) and mean γ-ray luminosity (L γ ). By also including the kinetic energy of the afterglow, we find rough correlations (with larger scatter) between Γ 0 and the total (γ-ray plus kinetic) energy and the total mean luminosity, both for isotropic values and beaming corrected values: these correlations allow us to test the data with GRB central engine models. Limiting our sample to the GRBs that likely have a black hole central engine, we compare the data with theoretical predictions of two types of jet launching mechanisms from BHs, i.e. the non-magnetized νν -annihilation mechanism, and the strongly magnetized Blandford-Znajek (BZ) mechanism. We find that the data are more consistent with the latter mechanism, and discuss the implications of our findings for GRB jet composition.
Introduction
Gamma-ray bursts (GRBs) are among the most powerful explosion events in the universe since the Big Bang (e.g. Kumar & Zhang (2015) for a recent review). The very high luminosity is generally believed to be produced in a relativistic jet with a large initial bulk Lorentz factor (Γ 0 ). However, it is unclear how such a jet is launched from the GRB central engine.
Two types of GRB central engine models have been discussed in the literature: the hyper-accreting black hole (BH) models (e.g., Popham et al. 1999; Narayan et al. 2001; Di Matteo et al. 2002; Kohri & Mineshige 2002; Gu et al. 2006; Chen & Beloborodov 2007; Janiuk et al. 2007; Lei et al. 2009; Lei et al. 2013) , and the millisecond magnetar models (e.g. Usov 1992 ; Thompson 1994; Dai & Lu 1998a,b; Wheeler et al. 2000; Zhang & Meszaros 2001; Metzger et al. 2008 Metzger et al. , 2011 Bucciantini et al. 2012) . Recently, Lü & Zhang (2014) systematically analyzed the Swift/XRT lightcurves of long GRBs, and found that both types of central engines may be operating in GRBs. While some of them may habor a millisecond magnetar central engine, the majority of GRBs likely have a hyper-accreting black hole central engine.
Within the black hole central engine scenario, there are two main energy reservoirs to provide the jet power: the accretion energy in the disk that is mostly carried by neutrinos and anti-neutrinos, which annihilate and power a bipolar outflow (Popham et al. 1999; Di Matteo et al. 2002) ; and the spin energy of the BH, which can be tapped by a magnetic field connecting the outer world through the Blandford & Znajek (1977, hereafter BZ) mechanism. It is unclear which one is the main mechanism to launch the jet.
The luminosity and the initial Lorentz factor Γ 0 of the jet are two important parameters, that carry the in-formation about jet launching. Using the peak time of the early optical afterglow onset bump as the deceleration time of the GRB ejecta, Liang et al. (2010) found a correlation between Γ 0 and E γ,iso . The correlation is confirmed by later analyses (e.g. Ghirlanda et al. 2012; Lü et al. 2012; Liang et al. 2013) . Lü et al. (2012) also discovered a somewhat tighter correlation between Γ 0 and the isotropic mean γ-ray luminosity (L γ,iso ). Lei et al. (2013) investigated the baryon loading processses in the hyper-accreting black hole central engine models for the two jet launching mechanisms: the non-magnetized νν -annihilation mechanism and the strongly magnetized BZ mechanism. The two models have distinct predictions between Γ 0 and the total jet power. Both of them predict a positive correlation between Γ 0 and the power. The predicted slopes seem to be consistent with the ones found by Liang et al. (2010) and Lü et al. (2012) . However, there are two missing links between the model predictions and the observed correlations: First, the central engine models directly predict the total jet power, whereas the previous studies only deal with the observed γ-ray power. In order to get the total power, one needs to conduct an study of the afterglow to retrieve the kinetic energy power. Second, the model predictions are relevant to the beaming corrected total power, rather than the isotropic equivalent values presented in the prevous studies. As a result, in order to confront the observational data with the central engine models, one needs to collect a sample of GRBs whose Γ 0 can be measured, and whose γ-ray radiation efficiency η γ and jet opening angle θ j can be constrained from the data.
In this paper, we work on a GRB sample whose Γ 0 values are measured using the peak of the early optical afterglow light curve assuming that the peak time T p corresponds to the blastwave deceleration time, and whose jet opening-angle θ j are calculated from the jet break time T b in afterglow light curves. The kinetic energy E k,iso of each GRB can be obtained by using the Xray afterglow data during the normal decay phase. Our goal is to compare the data with the black hole central engine model predictions. In order to test our predictions, we also selected some bursts graded as "Gold" magnetar candidates by Lü & Zhang 2014 (see also Lyons et al. 2010 and Rowlinson et al. 2014 ) in our sample. We then study the correlations between Γ 0 and the beaming corrected energies (E γ 
, and compare the results with the predictions from the νν -annihilation and the BZ jet launching mechanisms, respectively. The data analysis results are presented in Section 2, and the theoretical implications are discussed in Section 3. The results are summarized in Section 4.
Sample Selection and Correlations
We extensively search for the GRBs whose both initial Lorentz factor and jet opening angle can be constrained. The initial Lorentz factor Γ 0 is obtained by the afterglow onset method, which uses the peak of the early afterglow light curve to determine the deceleration time of blast wave. For a constant density medium case, Γ 0 is given by (Lü et al. 2012; Liang et al. 2013 ),
where n is the medium number density, z is the redshift, m p is the proton mass, η γ is the efficiency of GRBs, T p is peak time of the afterglow bump, and the numerical factor 1.4 is derived from a more precise integration of blastwave dynamics before the deceleration time.
There are other methods for constraining Γ 0 , such as the pair opacity constraint method (e.g. Lithwick & Sari 2001 ) and early external forward emission method (e.g. Zou & Piran 2010) , which can usually only give a lower (or upper) limit to the Lorentz factor (Lü et al. 2012 ). Therefore we generally focus on a sample of GRBs with T p observed. Liang et al. (2010) worked on an optical afterglow onset sample and constrained Γ 0 for about 20 GRBs. In this paper, we worked on an expanded optical sample and also constrained Γ 0 with the same method. Most of the optical sample are taken from Liang et al. (2010) , and our entire sample includes 36 GRBs as presented in Table 1 .
In order to identify jet breaks, one needs to systematically explore temporal breaks in the afterglow lightcurves. Theoretically there are several types of temporal breaks (e.g. Zhang 2007 ), but observationally the observed breaks generally fall into two types. The first type connects a shallow decay (decay index shallower than -1) segment to a normal decay (decay slope ∼ −1) segment (Zhang et al. 2006 ). This break is best interpreted as the cessation of energy injection into to the blastwave (Dai & Lu 1998a,b; Rees & Mészáros 1998; Zhang & Mészáros 2001; Liang et al. 2007 ), probably from a spinning-down millisecond magnetar (Troja et al. 2007; Lyons et al. 2010; Rowlinson et al. 2013; Lü & Zhang 2014; Gompertz et al. 2014; Lü et al. 2015) . The second type is a transition from the normal decay phase (decay slope ∼ −1) to a steeper phase (decay slope ∼ −2), which is best interpreted as a jet break (Rhoads 1999; Sari et al. 1999; Frail et al. 2001; Wu et al. 2004; Liang et al. 2008; Racusin et al. 2009 ). Differentiation of the two types of breaks is usually straightforward, but sometimes can be more complicated (see Wang et al. 2015 for a recent detailed treatment). In our work, we identify jet breaks from afterglow light curves that show a transition from the normal decay phase (decay slope ∼ −1) to a steeper phase (decay slope ∼ −2). We identified 17 jet breaks in our Γ 0 sample, most of the values of T b are calculated from X-ray afterglow light curves, which are obtained from the UK Swift/XRT website 1 (Evans et al. 2007 (Evans et al. , 2009 ). The relevant information (frequency band, θ j , and references) is collected in Table 2 . For these GRBs, we derive the jet opening angles using (e.g. Frail et al. 2001; Wu et al. 2004; Yi et al. 2015) θ j = 0.076
For those GRBs without a jet break feature, we take the last observational point of the normal phase as a lower limit of the jet break time, and derive a lower limit of the half opening angle θ j . We note that both Eq. (1) and (2) are derived assuming a constant density medium. Long GRBs originate from the collapse of the massive stars, the circumburst medium of long GRBs may be a wind type. However, according to Schulze et al. (2011) , they considered a group of GRBs with the lightcurve and SED analysis, the majority of cases consistent an ISM type medium. Therefore, we simply assume an ISM case in this paper, having in mind that this is only a rough approximation of real conditions.
With the half opening angle derived, we can perform beaming correction for energy and luminosity from isotropic values, i.e.
where Table 1 show the basic parameters of the GRBs in our sample, including name, redshift, T 90 , and all the isotropic values (e.g. γ-ray energy E γ,iso and average γ-ray luminosity during the prompt emission phase L γ,iso = E γ,iso /T 90 ). The derived parameters such as Γ 0 and θ j are presented in Table 2 , along with beaming corrected values of energies and luminosities (e.g. E γ and L γ ).
1 http://www.swift.ac.uk/xrt curves/ We plot Γ 0 versus E γ and L γ (blue and red data points) in the top and bottom panels of Fig.1 , respectively. The blue dots are the GRBs with θ j measurements, while red triangles have lower limits of θ j . For comparison, we also plot Γ 0 versus E γ,iso and L γ,iso (black dots).
We confirm the correlations of Γ 0 -E γ,iso and Γ 0 -L γ,iso . The best linear fitting results are log Γ 0 = (−8.78±2.53)+(0.21±0.05) log E γ,iso , (6) with a Pearson correlation coefficient r = 0.58 and chance probability p < 10 −4 , and
with r = 0.68 (p < 10 −4 ). These results are consistent with the results of Liang et al. (2010) and Lü et al. (2012) .
We next evaluate possible correlation between Γ 0 and beaming corrected energy/luminosity. Discarding the lower limits, the 17 GRBs with precise beaming corrections give rise to the correlations log Γ 0 = (−3.78 ± 2.79) + (0.12 ± 0.06) log E γ , (8) with r = 0.49 (p = 0.05), and (9) with r = 0.69 (p = 2.39 × 10 −3 ). These correlations are less tight compared with the correlations with the isotropic values.
It is generally accepted that GRB emission originates from two distinct locations. The prompt emission is believed to be generated from an "internal" location before the ejecta is decelerated by the ambient medium. The process dissipates the kinetic energy of the outflow through internal shocks (e.g. Rees & Mészáros 1994; Piran 1999) or dissipate magnetic energy in a Poynting flux dominated outflow (e.g. Zhang & Yan 2011) . After the dissipation, the bulk of the energy is contained in the kinetic form of the ejecta, which drives a relativistic shock into the medium to power the afterglow (Mészáros & Rees 1997; Sari et al. 1998; Wu et al. 2005; Yi et al. 2013 , see Gao et al. 2013 for a recent review).
Therefore the total energy of the relativistic outflow is a sum of two components, the released γ-ray energy (E γ ) during the prompt emission phase, and the kinetic energy (E K ) of blastwave during the afterglow phase. The GRB radiation efficiency is defined as (Lloyd-Ronning & Zhang 2004) ,
The isotropic kinetic energy E K,iso can be measured from the X-ray afterglow flux during the normal decay phase. Since we assume that our sample only includes GRB afterglows with constant density mediums, we calculate E K,iso following Zhang et al. (2007) . For ν > max(ν m , ν c ), we have
and for the ν m < ν < ν c , we have
Here ν f ν (ν = 10 18 Hz) is the energy flux at 10 18 Hz (in units of ergs s −1 cm −2 ), D is the luminosity distance, t d is the time in the observer frame in days, Y is the Compton parameter, and ε e , ε B are the equipartition parameters for electrons and magnetic fields in the shock, for which we adopt the typical values 0.1, and 0.01, respectively. The parameter f p is a function of the power distribution index p 
The above expressions are valid for p > 2, which is relevant for all the GRBs in our sample. The calculated the isotropic kinetic energy E K,iso , the total isotropic energy E tot,iso = E γ,iso + E iso,K , the isotropic average kinetic power L K,iso = E K,iso /T 90 , the total isotropic average power L tot,iso = E tot,iso /T 90 , as well as the radiation efficiency η γ of all the GRBs in our sample are also presented in Table 1 . The corresponding beaming corrected energies (E K and E tot ) and powers (L K and L tot ) are also presented in Table 2 .
We plot Γ 0 against the isotropic and beamingcorrected total energy and power in Fig.2 . Best statistical fits give log Γ 0 = (−8.24±3.67)+(0.20±0.07) log E tot,iso , (14) with r = 0.42 (p = 6.86 × 10 −3 ),
with r = 0.48 (p = 1.7 × 10 −4 ),
with r = 0.31 (p = 0.22), and
with r = 0.41 (p = 0.10). The correlations are not as tight as those of Γ 0 -E γ,iso (E γ ) and Γ 0 -L γ,iso (L γ ), especially the Γ 0 − E tot and Γ 0 − L tot relations. We note that there is a large uncertainty in estimating E K,iso and E K , due to the uncertainties in the shock parameters ε e and ε B , so that there is a large uncertainty in E tot,iso and E tot as well. The fitting results are improved somewhat if one includes the GRBs with a lower limit of energy/luminosity (red triangles in Figs.1  and 2 ). In any case, the relations between Γ 0 and E tot and L tot allow us to diagnose the physical nature of the GRB central engine, as will be discussed in the next section.
The BH Central Engine Model
The most popular model of GRB central engine invokes a stellar mass black hole surrounded by a hyperaccreting disk (e.g., Popham et al. 1999; Narayan et al. 2001; Di Matteo et al. 2002; Kohri & Mineshige 2002; Gu et al. 2006; Chen & Beloborodov 2007; Janiuk et al. 2007; Lei et al. 2009; Lei et al. 2013 ). There are two main energy reservoirs to provide the jet power: the accretion energy in the disk that is carried by neutrinos and anti-neutrinos, which annihilate and power a bipolar outflow; and the spin energy of the black hole which can be tapped by a magnetic field connecting the outer world through the BZ mechanism.
Recently, Lei et al. (2013) investigated the baryon loading processes in the jet powered by these two mechanisms, and calculated the initial Lorentz factor and total power of the jets for the two models. With the data obtained in Sect. 2, we can now confront the model predictions with observations directly.
The neutrino annihilation (νν → e + e − ) process can launch a relativistic jet reaching the GRB luminosity. 
. The blue dots are for the GRBs with beaming corrected energy/luminosity using the measured jet opening angle, while the red triangles indicate the GRBs with the lower limit of energy/luminosity. The isotropic energy/luminosity values are presented with black dots. The black and blue lines are the best fitting lines for the correlations. The magenta points and triangles indicate the isotropic and beaming-corrected sample of the magnetar candidates. where
, and R ms = r ms /r g is the radius of the marginally stable orbit normalized to r g = GM ⊙ /c 2 . Neutrino heating in the atmosphere just above the disk surface results in mass-loss from the hyperaccreting disk. The dominant heating processes are electron neutrino absorption on baryons (p +ν e → n + e + and n + ν e → p + e − ). The baryon loading rate of the jet can be estimated aṡ 
where ξ ≡ r/r ms is the disk radius in terms of r ms , and α is the viscous parameter. Here ǫ ≃ (1 − E ms ) is the neutrino emission efficiency, and E ms is the specific energy corresponding to r ms . The relativistic correction factors for a thin accretion disk around a Kerr BH are given by Riffert & Herold (1995) , i.e.
where R = r/r g is the disk radius normalized to r g . If most neutrino annihilation energy is converted into the kinetic energy of baryons after acceleration, the jet would reach a Lorentz factor Γ max = η, with Inspecting Eqs. (18) and (23), one finds that bothĖ νν and η are functions ofṁ, a • and m. Usually the BH mass m varies in the range of (3, 10). Considering the hyperaccreting process during the prompt emission phase, the BH is quickly spun up, so that the a • dependence is not significant . As suggested by , theṁ-dependence may be the key to define the η −Ė νν correlation, i.e., η ∝Ė 0.26 νν (dashed line in Fig.3a) . Compared with the data, the predicted index 0.26 (dashed lines) is larger than the observational value 0.14 (solid line) in Eq.(17).
As shown in Eq. (23), the typical value of Γ max is only ∼ 50 for a typical jet opening angle θ j = 0.1, which is too small to be consistent with the GRB data. In Fig.3a, we plot Γ max (ṁ) versusĖ νν (ṁ) with dashed lines for different jet opening angle values, θ j = 0.022 (top), 0.04 (middle) and 0.12 (bottom). For each θ j case, we varẏ m in a wide range of values, and keep other parameters to fixed values, e.g. a • = 0.998, m = 3, α = 0.1. One can see that in order to account for the observations, one needs to invoke a relatively small opening angle. The required opening angle is smaller than the typical measured values (Frail et al. 2001; Liang et al. 2008; Racusin et al. 2009; Wang et al. 2015) . The required small opening angle is also inconsistent with the predicted value from numerical simulations of a ν −ν-annihilation-powered jet (e.g. Aloy, Janka & Muller 2005; Harikae et al. 2010) .
Another uncertainty for the νν-annihilation model comes from the viscous parameter α. In order to reach a large Γ, one needs to invoke a relatively small α. To see this, we calculate α andṁ by equating Γ max = Γ 0 andĖ νν = L tot , in which we take the values of θ j from Table 1 and the maximum BH spin as a • = 0.998. For most GRBs, e.g., 990123, 050820A, 061121, 070318, 071010B, 071031, 100901A, and 100906A, the required values of α < 0.01 are extremely small (King et al. 2007 ). This is another issue for the νν-annihilation model.
We now consider the prediction of the BZ model (Blandford & Znajek 1977) . The BZ jet power from a BH with mass M • and angular momentum J • is (Lee et al. 2000; Li 2000; Wang et al. 2002; McKinney 2005; Lei et al. 2005; Lei et al. 2008; Lei & Zhang 2011 )
where
. Considering the balance between the magnetic pressure on the horizon and the ram pressure of the innermost part of the accretion flow (e.g. Moderski et al. 1997) , one can then estimate the magnetic field strength threading the BH horizon as
Inserting it to Equation (24), we obtain the magnetic power as a function of mass accretion rate and BH spin, i.e.Ė B = 9.3 × 10 52 a
The baryon-loading rate in a BZ jet is given in aṡ
where F p is the fraction of protons, r z is the distance from the BH in the jet direction, which is normalized to 10 11 cm. Because of the existence of a strong magnetic field, protons with an ejected direction larger than θ B with respect to the field lines would be blocked.
For a magnetized central engine, one can define a parameter
This parameter denotes the maximum available energy per baryon in the jet. The acceleration behavior of the jet is subject to uncertainties. Generally, the jet will reach a terminating Lorentz factor Γ that satisfies
with the explicit value depending on the detailed dissipation process, such as the Internal-Collision induced Magnetic Reconnection and Turbulence (ICMART) avalanche to discharge the magnetic energy (Zhang & Yan 2011) 2 . Following Lei et al. (2013) , we take
2 )) and Γ max = µ 0 , which correspond to the beginning and the end of the slow acceleration phase in a hybrid outflow, respectively (see Gao & Zhang 2015 for a detailed discussion of the acceleration dynamics of an arbitrarily magnetized relativistic or hybrid jet).
Based on Eqs. (24) and (28), the BZ power and mass loss rate are related toṁ asĖ BZ ∝ṁ and µ 0 ∝ṁ 0.17 , respectively. Combining these dependents, one derives µ 0 ∝Ė 0.17 BZ (dashed line in Fig.3b) , which agrees well with the statistical correlation (17) (solid line in Fig.3b) .
In Fig.3b , we plot Γ max and Γ min versusĖ B . The dashed line shows the Γ max (ṁ) -Ė B (ṁ) relation, in which we letṁ vary in a wide range but fix the other parameters to typical values (a • = 0.2, m = 3, θ j = 0.2, α = 0.1). As discussed above, this dashed line gives the right slope to interpret the empirical Γ 0 −L tot relation. The values of Γ max andĖ BZ can account for the observational Γ 0 and L tot for most GRBs. In the same way, we plot Γ min (ṁ) versusĖ B (ṁ) with the dotted line in Fig.3b , in which a • = 0.998, m = 3, θ j = 0.2, α = 0.1 are adopted. The Γ min value is significantly lower than the observations even for the fastest spinning BH. This suggests that the energy dissipation region is far above the slow acceleration radius (Gao & Zhang 2015) , which is consistent with having significant magnetic dissipation at a large emission radius, as is expected in the ICMART model (Zhang & Yan 2011) , and the requirement to interpret GRB spectra within the fast-cooling synchrotron radiation model (Uhm & Zhang 2014) .
Another consideration is the dependence of BH spin, which may also introduce a correlation between Γ anḋ E BZ . However, with the consideration of the spin-up process due to accretion and the spin-down process due to the BZ process, the BH spin parameter always evolves to an equilibrium value (Lei et al. 2005) , so that the a • -dependence essentially does not enter the problem. Observationally our correlation was obtained from the average Γ 0 and L. In order to compare with the data one needs to calculate the average Γ andĖ BZ , which smears the a • dependence.
Discussion and Conclusions
In this paper, we worked on a GRB sample with measured initial Lorentz factor Γ 0 and the jet opening-angle θ j . We confirmed several previously discovered correlations (Liang et al. 2010; Lü et al. 2012) , and found some rough correlations between Γ 0 and the beaming corrected γ-ray energy (E γ ) and the total (γ-ray plus kinetic) energy (E tot ), and with the corresponding average luminosities (L γ , L tot ). Since the bulk Lorentz factor and the total power of the jet are directly related to the GRB central engine, we can use the data to constrain the jet launching mechanism in the BH central engine model.
Comparing the observational results with the theoretical predictions from the two types of BH central engine models, i.e.,the νν -annihilation mechanism (nonmagnetized model) and the BZ mechanism (strongly magnetized model), we found that the required parameters are contrived for the former mechanism, whereas the latter (BZ) mechanism can generally account for the observations. We tentatively suggest the GRB jet composition contains a significant fraction of Poynting flux, and the GRB prompt emission is likely powered by dissipation of magnetic field energy (which also seen Zhang & Yan 2011; Yi et al. 2016) .
Two caveats need to be mentioned. First, the Γ 0 − E tot and Γ 0 − L tot correlations are very rough, with a lower correlation coefficient than the Γ 0 − E γ and Γ 0 − L γ relations. There are large uncertainties involved when con- straining E K and L K , due to the uncertainties in the values of the shock equipartition parameters. On the other hand, the wide scatter is not in conflict with the theoretical models, which predicts a wide range of Γ 0 and L tot due to their dependences on many model parameters (e.g.ṁ, m, a • , α, θ j ). In any case, the available data allow us to reach the conclusion that the data are more consistent with the BZ mechanism than the nonmagnetized νν-annihilation mechanism.
Second, we focus on the BH central engine model. Another frequently discussed central engine model is the millisecond magnetar central engine model (e.g. Metzger et al. 2011) . We justify this approach by excluding the Gold-sample magnetar candidates as identified by (Lü & Zhang 2014) . However, there is no smoking-gun criterion for confirm that all the GRBs in our sample have a BH central engine. 
